GAL4 protein isolated from yeast in which it is active is phosphorylated predominantly on two different serine residues. One of these was identified as Ser-837; substitution of this residue for alanine has no detectable effect on transcriptional activation by GAL4. Phosphorylation at Ser-837 requires that both the DNA binding and transcriptional activation functions be intact. We propose that some phosphorylations of GAL4, including that at Ser-837, occur concomitantly with activation of transcription.
The yeast transcriptional activator GAL4 controls expression of the genes required for galactose catabolism (for review, see ref. 1) . Several mechanisms regulate the activity of GAL4 in response to growth media carbon sources. In the absence of galactose, transcriptional activation by DNAbound GAL4 is inhibited by interaction with the regulatory protein GAL80. Inhibition is relieved upon galactose addition; a metabolite of galactose, produced by the GAL3 gene product, is thought to act as a regulatory ligand for GAL80. In addition, GAL4-regulated genes are repressed by several mechanisms promoting the preferential use of glucose (2) .
Previous experiments have identified several functional domains of GAL4 (ref. 3; see Fig. 4B ). Residues 1-147 contain a zinc-requiring DNA-binding motif and a region mediating dimer formation (4, 5) . Either of two acidic regions, termed activating regions I and II (residues 148-238 and 768-881, respectively), can activate transcription when fused independently to the DNA-binding domain (3, 6) . Lying between the two activating domains is a central region (CR; residues 239-767) for which a function has not yet been identified; incidental to our major conclusions, we show here that CR inhibits activity of GAL4 when only one of the activating domains of GAL4 is present.
It has been suggested that phosphorylation of GAL4 may be required for transcriptional activation (7) . GAL4 phosphorylation is known to correlate with its ability to activate transcription. Thus, GAL4 protein inhibited by GAL80 is unphosphorylated, but it becomes rapidly phosphorylated upon induction with galactose. In ga180-cells, GAL4 is phosphorylated in the absence of galactose (8) . Several GAL4 missense mutants that are impaired for transcriptional activation were found to be unphosphorylated; pseudorevertants of these mutants restored phosphorylation (7) .
In this report, we present evidence suggesting that several of the phosphorylations of GAL4 occur as a consequence of, but are not required for, transcriptional activation. We find that these phosphorylations are dependent on both a DNAbinding and a transcriptional activation function, and at least one is unnecessary for activity. We propose that GAL4 is phosphorylated during interaction with the transcriptional initiation complex.
MATERIALS AND METHODS
Plasmids, GAL4 Mutants, and Yeast Strains. Yeast strain YT6::171 (MATa, gaI4, gaI80, ura3, his3, ade2, adel, lys2, trpl, aral, leu2, met, URA3: :GALJ-LacZ) was used for most experiments (9). YT6G80::171 is YT6::171 with GAL80 integrated at LEU2 using the vector YIplacl28 (10) . Most of the GAL4 deletion derivatives have been described (3) . The GAL4-(1-147 + 239-881) mutant has a deletion from the Xba I to the Cla I site; GAL4-(1-147 + 239-848) was derived from this construct by insertion of an Xba I linker at the Mlu I site. Plasmids for expression of GAL4 were as follows: pMA210 (3); pDN3, which expresses GAL4 from the ADH1 promoter on YEplacll2 (10) ; pMH76 (provided by M. Hollis, ICI Biotech), which is an ARS-CEN vector with GAL4 expressed from the ADH1 promoter; and YCpG4, which is YCplac22 (10) with a BamHI/HindIII insert containing the GAL4 promoter and coding sequence. Oligonucleotidedirected point mutants were created as described by Kunkel (11) . Oligonucleotide mutants in which threonine was changed to alanine, in activating region II, were at the following residues: 784, GCT; 786, GCT produced by phosphorylation of form a. We observe, as have others (7, 8) , that the slower migrating phosphorylated species cannot be detected in GAL80' yeast grown in glycerol (uninduced conditions) but are detectable within 2 hr after galactose addition. In gal80-yeast, GAL4 forms b and c can be detected even in the absence ofgalactose (data not shown; see also ref. 8 ). For reasons we do not yet understand, we find variability in detection of form b in our labeling experiments (compare lanes WT in Fig. 1 to lanes WT in Figs. 2B and 3A) . In contrast, form c is easily detected and its presence correlates with GAL4 activity. Several experiments suggest that forms b and c are produced by separate single phosphorylations. In pulse-chase experiments, form c appears to be produced directly from form a and, furthermore, shortened phosphatase treatment of GAL4 directly converts form c into form a (data not shown). Phosphoamino acid analysis of wild-type GAL4 yielded only phosphoserine ( Fig. 2A) . We conclude that transcriptionally active GAL4 is phosphorylated on at least two serine residues, which cause alterations in electrophoretic mobility.
Phosphorylation of Ser-837 Is Required for Production of Form c. To locate these modifications, we examined a series of C-terminal GAL4 deletion derivatives (3). Fig. 1 shows that deletion of GAL4's activating region II (residues 764-881) eliminates all of the slower migrating forms. Thus, GAL4-(1-763) and the two smaller derivatives shown in Fig. 1 migrate as single species that are unaffected by phosphatase treatment. In contrast, GAL4-(1-792) and all larger C-terminal deletion derivatives, all bearing portions of activating region II, have at least one of the phosphorylated species. We then changed, either individually or in pairs, each of the 14 serine residues to alanine within activating region II of full-length GAL4 (Table 1) . Each of these mutant proteins was analyzed by metabolic labeling and immunoprecipitation (Fig. 2B) . We found that only one of these mutations altered the mobility of GAL4 on SDS/PAGE; the Ser-837 -* alanine mutant produced form b but not form c. We conclude that Ser-837 is a major site of GAL4 phosphorylation necessary for production of form c.
Two additional experiments suggest that Ser-837 is the only site of phosphorylation within activating region II that produces an alteration in electrophoretic mobility. First, starting with the Ala-837 mutant, each of the remaining 13 serines in activating region II was mutated to alanine to produce a series of double and triple mutants, each bearing Ala-837. Each of these mutants migrated on SDS gels and responded to phosphatase identically as did GALA Ala-837 (data not Fig. 2B . . Second, although we have only detected phosphoserine on GAL4, we mutated each of the threonines between residues 762 and 848 and found that none of these changes, either alone or in combination with Ala-837, altered the mobility of GAL4 in SDS/PAGE (data not shown). We conclude that further phosphorylations altering the electrophoretic mobility of GAL4, for example that producing form b, must lie outside of activating region II, between residues 1 and 762. These results imply that deletion of activating region II inhibits phosphorylation at a distant site. We argue below that the derivatives shown in Fig. 1 tive of GAL4 lacking residues 1-74 [GAL4-(75-881); Fig.  4A ], which cannot bind to DNA, lacks both phosphorylated species. Moreover, GALA derivatives bearing point mutations in the zinc-requiring DNA-binding motif (15) lack phosphorylated species c and yield only traces ofform b (Fig.  3A) . The DNA-binding defect of one of these mutants, Pro-26 to leucine, is partially corrected by high concentrations of zinc (16) . Fig. 3B shows that when cells containing this mutant are grown in high levels of zinc, the phosphorylated form c of GAL4 can be detected. These DNA-bindingdefective mutants appear to be more unstable, relative to wild-type GAL4, as immunoprecipitates of these mutants usually contain more degraded GAL4 protein ( Fig. 3 ; data not shown).
Transcriptional Activation Function of GAL4 Is Required for Production ofthe Slower Migrating Phosphorylated Forms. Fig. 4A shows that GAL4-derivatives capable of efficient DNA binding require transcriptional activation function for production of the phosphorylated species. Consider first the Ser-837 phosphorylation required for production of form c. GAL4 deletion derivatives only become phosphorylated at Ser-837 if they can activate transcription. For example, GAL4-(1-147) fused to activating region 11(1-147 + 763-881) or to both regions I and II (1-238 + 763-881) efficiently activate transcription and also produce phosphorylated species. For both of these derivatives, and for GAL4-(1-238 + 768-848), changing Ser-837 to alanine eliminates the phosphorylated species (data not shown). In contrast, we find that inactive deletion derivatives, despite bearing Ser-837, are unphosphorylated. Thus, GALA-(1-147 + 768-848) and a derivative lacking activating region I, GAL4-(1-147 + 239- 881), are both very weak activators and, although bearing Ser-837, are unphosphorylated (Fig. 4) .
The fact that both GAL4-(1-147 + 768-881) and GAL4-(1-238 + 768-848) are phosphorylated demonstrates that neither residues 148-767 nor residues 849-881 are required for recognition by the protein kinase that phosphorylates GAL4 at Ser-837. Nevertheless, the derivative GAL4-(1-147 + 768-848), which is transcriptionally inactive, is unphosphorylated, suggesting that GAL4's transcriptional activation function is required for phosphorylation at Ser-837. We suggest that this site becomes phosphorylated when the activating regions of GAL4 are engaged in transcriptional activation.
Although we do not know the precise location of the phosphorylation responsible for production of form b, we note that deletion of activating region II (residues 763-881) from full-length GAL4 severely impairs activity and inhibits this phosphorylation [see GAL4-(1-763); Fig. 1 ]. As mentioned in the Introduction, the inactivity of deletion derivatives lacking either activating region I or activating region II reveals a previously unrecognized property of the CR of GAL4 lying between activating regions I and II (residues 239-762; Fig. 4B ). In the presence of CR, both activating regions are required for function; in the absence of CR, as reported (3), either activating region is active when fused to GAL4- Proc. Natl. Acad. Sci. USA 88 (1991) mation of forms II and III. Revertants of these mutants reestablished production of the phosphorylated species. Also, a series of mutants impaired for DNA binding were shown to lack form III. We believe the species isolated in our immunoprecipitations, designated forms b and c, are identical to their forms II and III, respectively. We show here that the phosphorylation producing form c is irrelevant for transcriptional activation, and we suggest that these modifications are a consequence of, rather than a requirement for, GAL4 activity. Consistent with this conclusion, Long et al. (17) have shown that the accessory factor GAL11 is required for production of GAL4 form III. We attribute this hypophosphorylation to the fact that GAL4 activity is severely impaired in cells lacking GAL11 (9) .
The C-terminal heptapeptide repeat of RNA polymerase II (18) is known to become phosphorylated after interaction with the promoter and before initiation of transcription (19, 20) , suggesting that there may be a protein kinase in the transcription complex. Ser-837 of GAL4 is centered among several proline residues, with the sequence Pro-Leu-Ser-Pro (21) . The C-terminal repeat of RNA polymerase II has a similar sequence (Pro-Thr-Ser-Pro-Ser-Tyr-Ser) (18) , which is known to be phosphorylated (20, 22) . GAL4 may be phosphorylated by the same or by a similar kinase during activation of transcription.
Our results raise the possibility that phosphorylation of other transcriptional activator proteins could be a consequence of activator function. For example, phosphorylation of the yeast heat shock transcription factor (23, 24) , the yeast STE12 protein (25) , and the glucocorticoid receptor (26, 27) , is known to correlate with transcriptional activation. Similarly, when simian virus 40, which requires the factor SP1 for transcription, infects HeLa cells, phosphorylation of SP1 is induced (28) . In the latter case, a protein kinase has been identified that phosphorylates SP1 in a DNA-bindingdependent manner (28) . It is conceivable that GAL4 could be phosphorylated by a similar yeast kinase, but the kinase would have to be specifically inhibited by deletions that impair GAL4 activity. Consequently, we prefer the hypothesis that GAL4 phosphorylation occurs by an activationdependent kinase.
